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Abstract. The Evolutionary Map of the Universe (EMU) is an all-sky survey in radio-continuum
which uses the Australian SKA Pathfinder (ASKAP). Using galaxy angular power spectrum and the
integrated Sachs-Wolfe effect, we study the potential of EMU to constrain models beyond ΛCDM (i.e.,
local primordial non-Gaussianity, dynamical dark energy, spatial curvature and deviations from gen-
eral relativity), for different design sensitivities. We also include a multi-tracer analysis, distinguishing
between star-forming galaxies and galaxies with an active galactic nucleus, to further improve EMU’s
potential. We find that EMU could measure the dark energy equation of state parameters around
35% more precisely than existing constraints, and that the constraints on fNL and modified gravity
parameters will improve up to a factor ∼ 2 with respect to Planck and redshift space distortions
measurements. With this work we demonstrate the promising potential of EMU to contribute to our
understanding of the Universe.
ar
X
iv
:1
81
0.
06
67
2v
2 
 [a
str
o-
ph
.C
O]
  1
8 F
eb
 20
19
Contents
1 Introduction 1
2 EMU 2
3 Forecasts 4
3.1 Cosmological observables 4
3.2 Models 6
3.2.1 Primordial non-Gaussianity 6
3.2.2 Dynamical dark energy 6
3.2.3 Modified gravity 7
3.3 Fisher matrix formalism 7
4 Results 9
5 Conclusions 14
A Cosmological forecasts results 21
B Comparison with S3 simulation 21
1 Introduction
Our current best description of the large-scale structure of the Universe relies on the standard cosmo-
logical model, Λ-Cold Dark Matter (ΛCDM), which posits that the energy density at present times
is dominated by a cosmological constant and that the matter sector is composed mostly of dark mat-
ter. Although this model reproduces astonishingly well most observations [1, 2], there are still some
persistent tensions, especially on the Hubble constant between direct local measurements [3, 4] and
the Planck-inferred value assuming ΛCDM [1], which has been widely studied in the literature (see
e.g., [5–10]). Moreover, there are also some theoretical issues within the model, such as the value
of the cosmological constant, the nature of dark matter and dark energy, an accurate description of
inflation and the scale of validity of General Relativity. All this motivates the development and study
of models beyond ΛCDM+GR.
Up to this date, the strongest constraints on the parameters of ΛCDM have come from Cosmic
Microwave Background (CMB) observations. However, the Planck satellite has almost saturated the
cosmic variance limit in the measurement of the CMB temperature power spectrum. Moreover, low
redshift observations are required in order to constrain models which extend ΛCDM to explain cosmic
acceleration; in these cases, galaxy surveys are as of now the most powerful probe. The golden era
of galaxy surveys is about to start, with some of the next generation experiments already observing
or beginning in 2019. A huge experimental effort will provide game-changing galaxy catalogs, thanks
to which galaxy-survey cosmology will reach full maturity. Contrary to photometric or spectroscopic
surveys, radio-continuum surveys average over all frequency data to have larger signal to noise for
each individual source, which enables them to deeply scan large areas of the sky very quickly and
detect faint sources at high redshifts. This allows the detection of large number of galaxies, but with
only minimal redshift information.
Radio surveys have been used for cosmological studies in the past, mainly with NVSS [11] (see
e.g., [12–25]). Studies of cosmological models and beyond-ΛCDM parameter constraints using next
generation radio surveys were spearheaded in [26] and then followed by subsequent works such as
e.g., [27–37]. Forthcoming radio-continuum surveys have the unique ability to survey very large parts
of the sky up to high-redshift, being therefore able to probe an unexplored part of the instrumental
parameters space, not accessible to optical surveys for at least another decade. Thus, surveys like the
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Evolutionary Map of the Universe (EMU) and the Square Kilometer Array (SKA) continuum will be
optimal for tests of non-Gaussianity, ultra-large scale effects and cosmic acceleration models, as we
will see below.
EMU [38] is an all-sky radio-continuum survey using the Australian SKA Pathfinder (ASKAP)
radio telescope [39–41]. Although ASKAP was planned as a precursor of SKA to test and develop
the needed technology, it is a powerful telescope in its own right. In this work we aim to evaluate the
potential of EMU as a cosmological survey, and in particular how powerful it can be in constraining
extensions of ΛCDM. We pay special attention to primordial non-Gaussianity (PNG), since it man-
ifests in the galaxy power spectrum on very large scales, accessible only by surveys like EMU, with
large fractions of the sky observed. Constraining PNG is one of the few ways to observationally probe
the epoch of inflation, and a precise measurement of its parameters might rule out a large fraction
of inflationary models (e.g., slow-roll single-field inflation generally predicts small PNG, fNL  1 for
local PNG [42–44]). Therefore, we explore if EMU will be able to detect deviations from Gaussian
initial conditions in the local limit below fNL . 1 [45]. Besides PNG, we also study a model of dark
energy whose equation of state evolves with redshift; a model which does not fix the spatial curvature
to be flat; and phenomenological, scale-independent modifications of General Relativity (GR).
Given the lack of detailed redshift information, the main observable to be used with continuum
radio surveys is the full shape of the angular galaxy power spectrum. Besides considering the whole
sample altogether, we also take advantage of the expected broad distribution of sources in redshift and
the potential of machine-learning redshift measurements (e.g. [46, 47]) and clustering-based redshifts
obtained by cross correlating EMU’s sample with spectroscopic catalogues [48, 49] (whose performance
in cosmological surveys was estimated in [50]). These methods will enable to split the sample into
several redshift bins, and therefore we consider a second case where we use five redshift bins. We
leave the determination of the best strategy to the EMU redshift group. In addition to the auto and
cross angular power spectra among all possible combination of redshift bins, we use the Integrated
Sachs-Wolfe (ISW) effect by cross correlating the galaxies observed by EMU in each redsfhit bin with
the CMB.
This paper is organized as follows: in Section 2 we discuss the relevant specifications of EMU and
the estimated quantities required to compute the galaxy power spectrum, such as the source redshift
distribution or galaxy bias; in Section 3 we explain the observables considered and the models studied,
and describe the methodology used; results are discussed in Section 4. We conclude in Section 5. A
detailed and comprehensive report of the results can be found in Appendix A, and a comparison
between using T-RECS [51] or S3 [52] can be read in Appendix B.
2 EMU
The main goal of EMU is to make a deep radio-continuum survey throughout the entire Southern sky
reaching δ = +30◦. This is roughly the same area covered by NVSS [11], but approximately 45 times
more sensitive and with 4.5 times better angular resolution (it has a design sensitivity of 10 µJy/beam
rms and 10 arc-sec resolution). It is expected to observe around 70 million galaxies by the end of
the survey. Thanks to these advantages, and especially to the large fraction of the sky scanned and
the depth of the survey, EMU (and future experiments of SKA) will be key for the study of galaxy
clustering at very large scales. The corresponding catalog and the rest of radio data will be published
once their quality has been assured.
We consider four different realizations of EMU, to compare the effectiveness of each:
• Design standard EMU: observing 30000 deg2 of the sky (corresponding to a fraction of the whole
sky fsky = 0.727), with a sensitivity of 10 µJy/beam rms.
• Pessimistic EMU: the same areal coverage (30000 deg2), with a sensitivity of 20 µJy/beam rms.
• EMU-early: an early stage of the survey with only 2000 deg2 surveyed and 100 µJy/beam rms.
• SKA-2 like survey: observing 30000 deg2 of the sky with 1 µJy/beam rms, to compare it with
the design sensitivity of EMU.
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Figure 1. Left : dN/dzdΩ for the galaxies observed assuming a rms flux/beam of 10µJy, always requiring a
5-σ detection. We also plot the Gaussian window functions of the five redshift bins considered to compute the
cosmological observables. Right theoretical galaxy bias for SFGs and AGNs and the corresponding weighted
total. We show the quantities related to the whole sample in blue, with SFGs in orange and with AGNs in
green.
Like most of the studies regarding radio surveys, we adopt a 5σ threshold for a source to be detected.
We use the Tiered Radio Extragalactic Continuum Simulation (T-RECS) [51] to estimate the
galaxy number density distribution as a function of redshift of both star forming galaxies (SFG) and
galaxies with active galactic nucleus (AGN) and the corresponding galaxy and magnification biases.
Throughout most of this paper, we work with the two population of galaxies together forming a single
sample. However, we also estimate the gain of computing the auto power spectra of each population
and their cross power spectrum using the multi-tracer technique [53, 54]. Although some studies
distinguish between five different populations subdiving AGNs and SFGs (e.g., [32]), we prefer to be
conservative and avoid that subdivision, since its robustness given the observational conditions is not
very well quantified.
As discussed above, the redshift determination of the galaxies observed by EMU, as a radio-
continuum survey, will be very poor. This prevents the use of EMU to measure radial baryon acoustic
oscillations or redshift space distortions, without precise external redshift information. Without any
external data, it is not possible to determine the redshift of the sources and so bin the galaxy catalogue
in redshift. Therefore, we consider a case with a single redshift bin covering the whole galaxy sample
observed by EMU. Nonetheless, binning in redshift and using auto and cross correlations between
the galaxies of all possible combinations of redshift bins improves significantly the performance of a
galaxy survey. We make a conservative choice and use five wide redshift bins with Gaussian window
functions whose width is equal to the half width of the redshift bin, assuming that external data sets
and the methodologies to infer the redshift are complete and mature enough to do so. Nonetheless,
one should keep in mind that uncertainties in the galaxy properties as the galaxy bias degrades the
quality of the inferred redshifts. We leave the study of the best redshift binning strategy of EMU’s
observed galaxies for future work. We show the total number density redshift distribution of galaxies,
dN/dzdΩ, for each galaxy population and for the complete sample at design sensitivity in the left
panel of Figure 1, along with the corresponding Gaussian windows used for each redshift bin when
computing the observables (see Section 3.1).
In addition to modeling the galaxy redshift distribution, we need to model both the galaxy and
magnification bias of our sample. We assume a different scale-independent galaxy bias model, which
increases the bias monotonically with redshift, for each galaxy population in T-RECS. However, this
trend becomes unphysical at high enough redshift, so here we follow [55] and keep a constant bias
above a cut-off redshift. The true dependence of bias with redshfit at high-redshift, low-luminosity
galaxies (where most of them are still undetected) is still unknown. On the other hand, the authors of
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[32] argue that the high-redshift cut-off is not physical. The choice of bias model is therefore a source
of uncertainty, degenerate with the redshift distribution (see Section 3.1 for further discussion). In
order to compute the galaxy bias of the whole galaxy sample, we use the number-weighted average of
both populations: b(z) = [bsfg(z)Nsfg(z) + bagn(z)Nagn(z)]/Nall(z). We show the galaxy bias of SFGs,
AGNs and the whole sample assuming 10 µJy/beam rms sensitivity in the right panel of Figure 1.
In order to estimate the magnification bias, we use the “observed” magnitudes from T-RECS to
get the slope of the cumulative number counts for galaxies brighter than the survey magnitude limit
mlim evaluated at mlim [56–58]:
s(z) =
∂
∂m
[log10ncum(m, z)]
∣∣∣∣
mlim
, (2.1)
where ncum is the cumulative number counts of galaxies as function of magnitude. As the number
density evolves with redshift, this slope will also change, and so will the magnification bias. We
compute the magnification bias for each population and the whole sample in the same way, using the
corresponding ncum(m, z) in each case.
3 Forecasts
In this section we describe the cosmological observables included in our forecasts, introduce the models
we investigate and review the Fisher matrix formalism used to predict the constraints. In all cases we
assume a complete understanding of foregrounds and other sources of observational systematics, which
would allow for a clean and precise measurement of galaxy clustering. We use Multi CLASS1 [59],
a modification of the public Boltzmann code CLASS [60] which allows to compute the cross power
spectra of two different populations, to obtain the theoretical observables.
3.1 Cosmological observables
We aim to estimate the potential of EMU to use galaxy clustering (measuring angular power spectra)
to constrain models beyond ΛCDM. In addition, we also consider ISW measurements by cross corre-
lating each redshift bin of our galaxy sample with the CMB. In all cases, we set a conservative cut
on the minimum scale included, in order to avoid non linearities and limit the analysis to multipoles
within the interval `min ≤ ` ≤ 200. The largest scales considered, `min, are limited by the fraction of
sky surveyed (fsky): `min = pi/(2fsky). For both observables we also consider the case where SFGs
and AGNs can be discriminated, allowing to use multi-tracer techniques.
The galaxy distribution, as we observe it, is affected by gravitational perturbations along the
line of sight [61]. Therefore, the total observed overdensity, ∆obs, should include, in addition to
the standard redshift-space distortions, large-scale and projection effects, namely lensing magnifica-
tion, time-delays, ISW, doppler and gravitational potential effects [62–67]. In this work we neglect
contributions from gravitational potentials; the interested reader can see the complete model and
corresponding signal and contributions from each term for different configurations in e.g., [68]. In our
case, the observed galaxy overdensity at a position n on the sky is computed as [63, 64]:
∆obs(n, z) = ∆δ(n, z) + ∆rsd(n, z) + ∆κ(n, z) + ∆Doppler(n, z) , (3.1)
where ∆δ indicates the galaxy overdensity in the comoving gauge, ∆rsd accounts for peculiar velocity
perturbations and redshift space distortions, ∆κ contains the lensing convergence, and ∆Doppler refers
to Doppler effects. The latter, although subdominant at small scales, is needed, since it is degenerate
1Multi CLASS will be publicly available at https://github.com/nbellomo?tab=projects when the corresponding
paper is published.
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with fNL [69]. Each of the terms in Equation (3.1) is given by:
∆δ(n, z) = b(z)δcom [r(z)n, τ(z)] ,
∆rsd(n, z) =
1
H(z)∂r(v · n) ,
∆κ(n, z) = [2− 5s(z)]κ ,
∆Doppler =
[H′(z)
H2(z) +
2− 5s(z)
r(z)H(z) + 5s(z)− fevo(z)
]
(v · n) + [3H(z)− fevo(z)] ∆−1(∇ · v) ,
(3.2)
where δcom is the matter overdensity in the comoving gauge at a distance r and proper time τ , H is
the conformal Hubble parameter, v is the peculiar velocity, κ is the lensing convergence and fevo is
the evolution bias.
Using Equations (3.1) and (3.2), we define ∆Wi` , the transfer function of the observed number
counts at wavenumber k, in the redshift bin i and using a window function Wi (Gaussian in our case)
for each multipole `, as in [70]. We refer the interested reader to Appendix A of [67] for details on
the calculation of ∆Wi` . With all these pieces, the observed angular power spectrum of galaxies in
redshift bins {i, j} is given by:
C ij` = 4pi
∫
dk
k
∆Wi` (k)∆
Wj
` (k)P0(k) , (3.3)
where P0(k) is the primordial power spectrum. Note that when two non-overlapping bins are cross
correlated, the distance is too large to have a significant contribution from intrinsic density clustering
(i.e., coming from ∆Wi`,δ∆
Wj
`,δ ). However, we do observe a significant cross correlation due to lensing
contributions [71]. Concretely, the dominant term is always ∆
Wj
`,δ∆
Wi
`,κ ∝ b(zj)s(zi), which is the
correlation between the magnification of background sources due to foreground lenses and the observed
overdensities in the background. In some previous studies, magnification has been considered as a
different signal than density perturbations (i.e., reporting the constraints from galaxy clustering and
from magnification separately). However, this is not a realistic scenario, since these two contributions
are difficult to disentangle, so we can only refer to the observed galaxy clustering and model the signal
properly. The effects of not including the lensing magnification contribution when modeling the signal
in a Fisher forecast, even for cosmological parameters that are not affected by gravitational lensing,
are studied in [59].
When using the multi-tracer technique, we consider SFGs and AGNs as different galaxy pop-
ulations, each with their corresponding redshift distribution, galaxy bias and magnification bias.
Therefore, in this case we compute auto and cross correlations between different galaxy populations
and redshift bins. Equation (3.3) can be modified so it also accounts for the two different galaxy
populations. The transfer functions now become ∆X,Wi` , where the X superscript refers to the type of
galaxy, and they are computed as usual, but using the specifications corresponding for each subsample,
as discussed in Section 2. So, when using multiple tracers, we compute CX,i;Y,j` .
In addition to the angular power spectrum, we also use the ISW effect to measure the matter
overdensity field. The ISW effect is the gravitational shift that a photon suffers as it passes through
matter density fluctuations while the gravitational potential evolves. In an Einstein-de Sitter Universe,
where the gravitational potential does not evolve, the blueshift and redshift of the photon falling and
going out from a well cancel each other. Nonetheless, if the gravitational potential evolves due to e.g.,
dark energy or modifications of GR, the cancellation is not perfect, so there is a net change in the
photon temperature which accumulates along the photon path.
The ISW effect contributes to the CMB temperature fluctuations, but only on large scales,
where the observations are limited by cosmic variance. However, it can also be detected in the cross
correlation of the CMB anisotropies and the galaxy distribution. This correlation was detected for
the first time almost simultaneously in several works using observations in radio from the NVSS
survey [14, 15, 17, 18, 72]; near infra-red from the 2-MASS survey [73] and the APM survey [74];
optical from SDSS [75]; and X-ray for HEAO-I satellite [14].
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Equation (3.3) can be used to compute the cross correlations between the galaxy distribution
and the CMB anisotropies for each redshift bin of our galaxy catalog, C iT` , using ∆
Wi
` (k)∆
WT
` (k)
instead of ∆Wi` (k)∆
Wj
` (k), where ∆
WT
` (k) is the transfer function for CMB temperature anisotropies.
Moreover, one can use multiple tracers and compute the cross correlations of the CMB with each
galaxy population separately, in a similar fashion as for the angular galaxy power spectra.
3.2 Models
In this work we focus on popular models beyond the standard model of cosmology, which have one
or two extra model parameters, since a low redshift, wide field survey as EMU will help significantly
to constrain them thanks to the breaking of degeneracies existing in the CMB measurements. We
focus on the following extensions of ΛCDM: a model with local PNG in the distribution of the initial
conditions; a model with an evolving dark energy equation of state; a model with scale-independent
modifications of General Relativity; and a model where spatial curvature is not fixed to be flat.
3.2.1 Primordial non-Gaussianity
The ultra-large-scale modes of the matter power spectrum have remained outside the horizon since
inflation. This is why they might preserve an imprint of primordial deviations from Gaussian initial
conditions. Thanks to all-sky surveys, we can access those ultra large scales and probe inflation
models with low-redshift observations. We model PNG in the local limit, the easiest case to detect,
introducing the parameter fNL
2, defined as the amplitude of the local quadratic contribution of a
single Gaussian random field φ to the Bardeen potential Φ. We refer to this model as ΛCDM+fNL.
Other PNG models and the corresponding predicted constraints from a SKA-like survey can be found
in e.g., [33]. In the limit considered here, the Bardeen potential is obtained as:
Φ(x) = φ(x) + fNL
(
φ2(x)− 〈φ2〉) . (3.4)
The quadratic contribution in Equation (3.4) introduces skewness in the density probability distri-
bution, which results in a modification of the number of massive objects. This can be modeled as
a scale-dependent variation of the galaxy bias [77–80]. If bG is the Gaussian galaxy bias, the total
galaxy bias is given by:
b(k, z) = bG(z) + [bG(z)− 1] fNLδec 3ΩmH
2
0
c2k2T (k)D(z)
, (3.5)
where δec = 1.68 is the critical value of the matter overdensity for spherical collapse, Ωm is the matter
density parameter at z = 0, D(z) is the linear growth factor (normalized to 1 at z = 0) and T (k) is the
matter transfer function (which is 1 on large scales). Thus, the deviation from the Gaussian galaxy
bias at small k is proportional to fNLk
−2, hence it contributes significantly only on large scales.
3.2.2 Dynamical dark energy
Dark energy can be modeled with a scalar field, instead of a cosmological constant as in ΛCDM.
In that case, the equation of state of dark energy, w, may be different than −1 and also vary with
redshift. The energy density of dark energy is then no longer constant and is given by
ρDE(a) = ρDE,0 exp
[
−3
∫ a
1
1 + w(a′)
a′
da′
]
, (3.6)
where ρDE,0 is the density of dark energy today. We use the CPL parameterization [81, 82] to model
w(a) as:
w(a) = w0 + (1− a)wa, (3.7)
where a is the scale factor. Therefore, we call this model (w0wa)CDM.
2here we use the large scale structure convention (fLSSNL ≈ 1.3fCMBNL [76])
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3.2.3 Modified gravity
Although cosmic acceleration is normally modeled using dark energy, it can also be explained in theory
with modifications to gravity. Moreover, GR might be a local approximation, and has only been tested
precisely on scales ranging from millimeters to solar-system scales, with a compelling test at horizon
scales yet to be done. This is what has motivated the theoretical development of alternative theories
to GR, adding degrees of freedom. There is a huge variety of modified gravity theories, although
a large fraction of them are ruled out after the recent measurement of the neutron-star merger and
gravitational-wave counterpart (see e.g., [83] for an updated review). Moreover, consistency tests of
GR using current data do not favour modifications (see e.g., [84]). Nonetheless, GR might not be
the correct description of gravity at the ultra-large scales that will be surveyed by EMU. In order to
model deviations from GR in a general way, we follow an effective description of the relation between
the metric potentials and their relation with the energy density [85, 86]:
− 2k2Ψ = 8piGNa2ρδcomµ(a, k) , Φ
Ψ
= γ(a, k) , (3.8)
where µ = γ = 1 are the limiting values corresponding to GR, where ρ (the total energy density)
and δcom are evaluated at a. We only consider scale independent modifications of GR, but there
are several possible parameterizations of µ(z, k) and γ(z, k) [1, 87]. We assume that deviations from
GR are only significant at low redshifts, so we model them as being proportional to the dark energy
density parameter, ΩΛ
µ(a, k) = 1 + µ0
ΩΛ(a)
ΩΛ,0
, γ(a, k) = 1 + γ0
ΩΛ(a)
ΩΛ,0
, (3.9)
where ΩΛ,0 is the dark energy density parameter today. Combining Equations (3.8) and (3.9), we
obtain that with this parameterization ΛCDM with GR corresponds to µ0 = γ0 = 0. In this work,
this model is referred to as ΛCDM+µ0+γ0. We follow MGCLASS
3 [87] and modify Multi CLASS to
include this parameterization of modified gravity in our computations.
Finally, we also consider a model in which the curvature of the spatial sector of the Universe is
constant, but not fixed to be zero. We denote this model ΛCDM+Ωk.
3.3 Fisher matrix formalism
In order to forecast the constraining power of EMU for the models discussed above, we use the Fisher
matrix analysis [88, 89]. Accounting for SFGs and AGNs as different tracers of the dark matter field,
we define C˜X,i;Y,j` as the angular power spectrum plus the shot noise as:
C˜X,i;Y,j` = C
X,i;Y,j
` +
δKij δ
K
XY
dN(zi)/dΩ
, (3.10)
where δK is the Kronecker delta and dN(zi)/dΩ denotes the average number of sources per steradian
in the i-th redshift bin. If we assume a Gaussian likelihood, it is possible to define a covariance matrix
for each multipole C` built by blocks, so if each block is indexed by {X,Y }, (C`)X,Y = C˜XY` . Then,
each block is built as
(
C˜XY`
)
i,j
= C˜X,i;Y,j` . In this way, the Fisher matrix element corresponding to
the parameters θα and θβ for the galaxy angular power spectrum is given by:
F ggαβ =
〈
∂2 logLgg
∂θα∂θβ
〉
= fsky
∑
`
2`+ 1
2
Tr
[
∂C`
∂θα
C−1`
∂C`
∂θβ
C−1`
]
. (3.11)
Using Equation (3.11) ensures that the full covariance of all galaxy angular power spectra con-
sidered is accounted for properly. If the covariance between different power spectra was neglected,
the results of the Fisher analysis may change dramatically, as shown in [59].
3https://gitlab.com/philbull/mgclass
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Parameter Meaning Equation
fNL Non Gaussian parameter in the local limit Eq. (3.4)
w0 Equation of state of the dark energy fluid at redshift 0 Eq. (3.7)
wa
Amplitude of the time varying contribution
to the equation of state of the dark energy fluid
Eq. (3.7)
Ωk Spatial curvature energy density parameter -
µ0
Amplitude of the time varying (∝ ΩΛ(a)) deviation
from µ = 1 in modified gravity
Eq. (3.9)
γ0
Amplitude of the time varying (∝ ΩΛ(a)) deviation
from γ = 1 in modified gravity
Eq. (3.9)
∆bXall
Uncertainty on the galaxy bias of tracer X
(or all the sample when needed).
bXtrue(z) = b
X(z) + ∆bXall
∆bXi
Uncertainty on the galaxy bias
of tracer X (or all the sample when needed) in the redshift bin i.
bXtrue(zi) = b
X(zi) + ∆b
X
i
∆sXi
Uncertainty on the magnification bias
of tracer X (or all the sample when needed) in the redshift bin i.
sXtrue(zi) = bsX(zi) + ∆s
X
i
Table 1. Reference and meaning of each of the symbols used to denote the parameters included in the
Fisher Matrix analysis along with the five standard cosmological parameters needed to compute the galaxy
clustering.
We consider the ISW effect as an independent cosmological probe. Moreover, the ISW computed
for each redshift bin and each of the galaxy population is independent from the other (when considered
separately). In this case, we also assume a Gaussian likelihood and then the Fisher matrix is obtained
as:
F ISWαβ =
∑
``′,X,i
∂CX,i;T`
∂θα
∂CX,i;T`′
∂θβ
δK``′σ
−2
CX,i;T`
, σCX,i;T`
=
√√√√(CX,i;T` )2 + C˜X,i;X,i` CTT`
(2`+ 1)fsky
, (3.12)
where CTT` is the CMB temperature angular power spectrum, and we neglect the error of the CMB
measurement beyond cosmic variance, since it is much smaller than the shot noise of the galaxy power
spectra.
Assuming a Gaussian likelihood for the C` is a good approximation for large `, since the central
limit theorem can be applied due to the large number of modes. However, on large scales, where the
number of modes is limited, the true likelihood is better approximated by a lognormal likelihood (see
e.g., [90]). Nonetheless, Fisher matrix analysis assumes Gaussianity; one should use the extension
proposed in [91] to account for non Gaussian likelihood. In any case, we do not expect large changes,
since Fisher forecasts overestimate errors in this case (compared with the lognormal likelihood) and
we are considering a complete understanding and removal of systematics. As systematics affect more
the observations on large scales, these effects cancel each other qualitatively, justifying the Gaussian
approximation for the likelihood in this case. We leave the exploration of the effect of a non Gaussian
likelihood to future work.
As discussed in Section 3.2, we will explore motivated models beyond ΛCDM, focusing on the
extra cosmological parameters. Nonetheless, we also vary the five relevant parameters of ΛCDM for
the galaxy clustering. In addition, we consider different levels of knowledge about the properties
of each galaxy population, regarding galaxy and magnification bias. First, we assume a complete
knowledge of bX(z) and sX(z). Secondly we include a single parameter, ∆bXall, to model our ignorance
with respect to the galaxy bias at all redshifts. Third, we repeat the same strategy, but having an
independent ∆bXi for each redshift bin. Finally, we also add independent ∆s
X
i in a similar fashion to
model our ignorance with respect to the magnification bias. In summary, if ~β denotes the parameters
included to model our ignorance about the galaxy populations properties, we will have four cases:
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~β = ∅; ~β = {∆bXall}; ~β = {∆bXi }; and ~β = {∆bXi ,∆sXi }. This range of possibilities is a fair estimate,
since the galaxy and magnification biases cannot be perfectly measured, but we will not be completely
ignorant about them either, which is the case corresponding to the marginalization over {∆bXi ,∆sXi }.
The most realistic scenario will be somewhere in between. All the definitions and relevant equations
or corresponding references regarding the extra cosmological parameters and the nuisance galaxy bias
and magnification bias parameters for each of the cases discussed above can be found in Table 1.
Therefore, if a given model has ~Υ extra cosmological parameters with respect to ΛCDM, we will
consider the next set of parameters for the Fisher matrix:
~θ =
{
Ωbh
2,Ωcdmh
2, h, ns, log
(
1010As
)
, ~Υ, ~β
}
, (3.13)
where Ωbh
2 and Ωcdmh
2 are the baryon and cold-dark-matter physical densities, respectively, h is
H0/(100 km/s/Mpc) (with H0 being the Hubble constant), and ns, As are the spectral index and
the amplitude of the primordial power spectrum of scalar modes, respectively. We assume a ΛCDM
model as our fiducial cosmology, setting the cosmological parameter fiducial values to the best fit
of the analysis of the temperature, polarization and lensing power spectra [1] and BAO [2, 92, 93]
assuming the base model4: Ωbh
2 = 0.022447, Ωcdmh
2 = 0.11928, h = 0.67702, log(1010As) = 3.048 ,
and ns = 0.96824.
4 Results
In this Section, we discuss the results of the Fisher matrix analysis; a detailed report of the results
can be found in Tables 4, 5, 6, 7 and 8 in Appendix A. As stated above, we forecast constraints from
EMU considering four different realizations regarding the rms flux per beam (using always a threshold
of five times the rms flux per beam to claim a detection) and the fraction of sky covered. We use
two cosmological probes: the angular power spectrum of the observed galaxies (referred to as galaxy
clustering, GC, in the plots and tables of this section) and the ISW effect (see Section 3.1 for more
details). We estimate the constraints for all realizations of EMU considered using all galaxies as a
single tracer, but we also consider two different tracers for the design sensitivity case of EMU. We
expect the gains obtained in this case thanks to the multi-tracer technique to be equivalent in the
other realizations considered in this work.
In order to estimate the combined constraints with current observations, we add priors from
the temperature, polarization and lensing CMB power spectra from Planck [1], combined with BAO
observations from spectroscopic galaxy surveys [2, 92, 93] (except for ΛCDM+µ0+γ0, for which we use
the constraints from Planck+BAO+RSD, as done in [1]). We take the priors from current observations
from the publicly available Monte-Carlo Markov Chains (MCMCs) of Planck collaboration when
possible. However there are no public MCMCs for any modified gravity model or ΛCDM+fNL. For
these cases, we make use of the marginalized 68% confidence level constraints on each of the extra
parameters reported in [1] and [94], respectively, to the ΛCDM parameter covariance matrix, only in
the corresponding diagonal element. The main limitation of this procedure is the lack of information
of the degeneracies between the extra parameters and the ΛCDM parameters (and also between the
extra parameters in the case of the modified gravity model). However, we do not expect that our
forecast depends significantly on these degeneracies. The exploration of the effect of these degeneracies
is left for future work.
We show in Figure 2 the marginalized forecast constraints for the extra parameters of each
extension of ΛCDM discussed in Section 3.2, assuming both the galaxy and magnification bias are
completely understood. On the other hand, we also show in Figure 3 similar constraints marginalizing
over ∆bXi and ∆s
X
i . The most realistic scenario lies between these two cases, since some knowledge
of the galaxy and magnification biases of the observed sources is expected by the time EMU is
finished. We consider EMU at design sensitivity (i.e. 10 µJy of rms flux per beam and 30000 deg2
of sky scanned) for different data combinations: angular galaxy power spectra alone, adding ISW
4The results of this analysis are denoted as base plikHM TTTEEE lowl lowE lensing post BAO at the public Planck
repository http://pla.esac.esa.int/pla/, where also the public MCMC can be found.
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Figure 2. Marginalized 68% confidence level forecast constraints around the ΛCDM limit values on each
of the extra cosmological parameters of the models discussed in Section 3.2, for different data combinations,
considering a realization of EMU at design sensitivity, without marginalizing over galaxy and magnification
bias uncertainty parameters. We show results assuming one (dotted lines with diamonds) or five redshift bins
(solid lines with circles) and using all the galaxies as a single tracer (blue lines) or discriminating between
SFGs and AGNs (orange lines). We also show current constraints in green. “+Planck∗” means Planck+BAO
in all cases but in the ΛCDM+µ0+γ0 constraints, where it means Planck+BAO+RSD. Note the change of
scale in the vertical axis in all cases.
and adding ISW and priors of current constraints. In each case, we report results taking the whole
sample in a single redshift bin (dotted lines with diamonds) and splitting the catalogue in five redshift
bins (solid lines with circles); and also using SFGs and AGNs as the same tracer (blue lines) and as
different tracers (orange lines). We moreover show current constraints with a green line in order to
compare it with EMU’s forecasts. In all cases (no matter the redshift binning, the number of tracers
or the sensitivity of the survey), EMU will not be competitive with current constraints on Ωk from
Planck+BAO, so we will not discuss these results in this Section. Results for constraints on curvature
are shown in Appendix A.
Assuming that the discrimination between SFGs and AGNs is not good enough to perform a
multi-tracer analysis and that the redshift inference using external data sets is not reliable enough in
order to split the sample in different redshift bins, EMU’s constraints will not be competitive on their
own with current observations.
Combining the angular galaxy power spectrum and the ISW effect and assuming a total knowl-
edge of the galaxy and magnification bias (marginalizing over ∆ball and ∆sall, we obtain the following
forecasts: σ(fNL) = 140 (240), σ(w0) = 2.3 (5.3), σ(wa) = 7.2 (12), σ(µ0) = 0.84 (1.0) and σ(γ0) = 1.9
(1.9), assuming the corresponding model.
We report the predicted constraints on the extra parameters in Table 2 assuming EMU ob-
servations at design sensitivity and using only one tracer and one redshift bin. We report results
assuming total knowledge about the galaxy and magnification bias and also assuming total ignorance
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Figure 3. Same as Figure 2 but marginalizing also over all the galaxy and magnification biases uncertainty
parameters: ∆bi and ∆si.
10 µJy rms/beam, 1 Tracer, 1 Redshift bin
fNL w0 wa µ0 γ0
GC+ISW 140 (240) 2.3 (5.3) 7.2 (12) 0.84 (1.0) 1.9 (1.9)
GC+ISW+Planck∗ 6.4 (6.4) 0.20 (0.26) 0.48 (0.74) 0.14 (0.20) 0.35 (0.45)
Table 2. Marginalized 68% confidence level predicted constraints for the extra parameters of the models
ΛCDM+fNL, (w0wa)CDM and ΛCDM+µ0 + γ0, from radio-continuum measurements with EMU, assuming
design sensitivity and using one redshift bin and tracer. We report constraints assuming total knowledge
about galaxy and magnification biases and marginalizing over the corresponding parameters ∆ball and ∆sall,
in parentheses. We show results including galaxy power spectra and ISW effect (GC+ISW), and also including
Planck+BAO priors (Planck+BAO+RSD in the case of ΛCDM+µ0 + γ0) denoted as Planck
∗.
and marginalizing over the corresponding parameters, in parenthesis. In this configuration, EMU will
not be competitive on its own. However, when combined with current constraints from CMB, BAO
and RSD observations, EMU’s measurements will improve current constraints on the modified gravity
model a 45% (22%) for µ0 and a 54% (41%) for γ0. In this case, they will also improve mildly the
constraints on (w0wa)CDM, only if the galaxy and magnification biases are completely known: 25%
for w0 and 35% for wa.
Nonetheless, the improvement of redshift inference methodologies with external data sets and
the advent of new galaxy catalogs with better sensitivity will allow to determine the redshifts with
higher precision. Thanks to this, splitting EMU’s catalogue in five redshift bins and using SFGs and
AGNs as two different tracers is expected to be feasible. We report the resulting predicted constraints
for this configuration in Table 3, in a similar fashion as before. The strongest constraints set by the
combination of EMU observations with current data will be a factor 2.3 (2.0) for fNL, 33% (equal)
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Figure 4. 68% and 95% confidence level forecast constraints around the ΛCDM limit values on w0 and
wa in a (w0wa)CDM cosmology (left panels) and on µ0 and γ0 for ΛCDM+µ0+γ0 (right panels). EMU at
design sensitivity are in red, Planck+BAO in blue, and their combination in black. Upper panels assume
total knowledge of galaxy and magnification bias, bottom panels marginalize over them. We only show
one-dimensional marginalized 68% confidence level constraints from Planck+BAO+RSD in the right panels
because there is no public result on the correlation between µ0 and γ0, nor public MCMC for this model.
10 µJy rms/beam, 2 Traces, 5 Redshift binsa
fNL w0 wa µ0 γ0
GC+ISW 3.9 (4.9) 0.49 (1.2) 1.4 (2.8) 0.31 (0.61) 0.71 (1.3)
GC+ISW+Planck∗ 2.9 (3.2) 0.19 (0.25) 0.48 (0.70) 0.12 (0.19) 0.29 (0.43)
Table 3. Same as Table 2 but using five redshift bins and two tracers.
a: In the case of ΛCDM+fNL we report the result using a single redshift bin, since it is stronger in this case.
and 37% (7%) stronger for w0 and wa, respectively, and a factor 2.1 (1.3) and 2.3 (1.8) smaller for µ0
and γ0, respectively, than current observations when the galaxy and magnification bias are assumed
to be known (marginalizing over ∆bXi and ∆s
X
all).
As expected, using two tracers improves EMU’s performance, especially for fNL, where EMU
alone constraints are stronger than current bounds. This is not surprising, since PNG imprints appear
on the largest scales, those more affected by the cosmic variance, which is partially overcome by the
multi-tracer technique. What it is surprising is that using SFGs and AGNs as different tracers the
constraints on fNL are better using only one redshift bin. This is due to the fact that PNG imprints are
very sensitive to b(z). In Figure 1 it is shown that AGN galaxy bias is much larger than SFG galaxy
bias. However, EMU will observe many more SFGs than AGNs, and it will not detect enough AGNs
in the high-redshift bins. Therefore, for the AGN power spectra at high redshifts, where the impact
of PNG is larger, the shot noise is also larger and the final sensitivity of EMU to fNL decreases with
respect to having only one bin. Then, the strongest constraints on fNL found in this work correspond
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to having two tracers with only one redshift bin. Something similar happens for other parameters,
but at much less significance5.
In Figure 4 we show marginalized 68% and 95% confidence level contours on the w0-wa plane from
EMU forecasts (assuming the realization at design sensitivity and using two tracers), Planck+BAO
and the combination of them (left panels), and contours on the µ0-γ0 plane from EMU and EMU
combined with Planck+BAO+RSD in the corresponding right panels. Upper panels assume total
knowledge of the galaxy and magnification bias, while bottom panels assume total ignorance and
include a marginalization over ∆bXi and ∆s
X
all. As can be seen, the degeneracy between w0 and wa is
almost the same measured by EMU and Planck+BAO, hence the combination of both measurements
do not break the existing degeneracy. We only show one-dimensional marginalized 68% constraints for
µ0 and γ0 independently from Planck+BAO+RSD as there is no published value for the correlation
between µ0 and γ0 nor a MCMC to compute it.
The fact that an early EMU data release covers only 2000 deg2 limits considerably its performance
in constraining cosmological parameters with galaxy clustering. Therefore, combining Planck+BAO
with EMU-early does not improve the constraints. However, the impact of having a factor two worse
sensitivity than in the design sensitivity (i.e., the pessimistic sensitivity of 20 µJy rms/beam) does
not degrade critically the constraints. Using one single tracer and considering five redshift bins, the
constraints are around 25−30% weaker than at design sensitivity for all the parameters. In the case of
fNL using only one redshift bin, the constraints are even better, due to having a larger abundance ratio
of AGNs with respect to SFGs, so the average bias is larger. This is no longer true using five redshift
bins, since the effect of the larger shot noise with the pessimistic sensitivity is more important in this
case. Finally, the improvement that SKA-2 will achieve (a factor 10 in sensitivity) will be crucial.
SKA-2 forecast constraints on fNL assuming five redshift bins and a single tracer are a factor ∼ 3
stronger than those for EMU at design sensitivity, improving upon current bounds from Planck. In
addition, in the cases of evolving dark energy and modified gravity models, the constraints on w0, wa,
µ0 and γ0 will be a factor ∼ 2 stronger than EMU at design sensitivity if ISW and galaxy clustering
are combined.
However, EMU will not be able to measure fNL below unity. In order to find the specifications
needed by EMU to achieve the goal of having an uncertainty on local PNG measurements better
than σ(fNL) ∼ 1, we forecast the constraints on fNL from EMU-like surveys as a function of the
fraction of sky surveyed and the number of sources detected. We model the variation on the number
of sources with a factor Nfactor multiplying the number density dN/dzdΩ appearing in Figure 1. We
reckon that having a better sensitivity will allow to detect more new galaxies at larger redshift than
at lower redshift, which would modify the shape of the redshift distribution. However, we expect this
change in the shape of the redshift distribution to be small enough within the range of parameters
considered here so as not to affect our results significantly. Therefore, changing the total number of
detected sources maintaining the shape of the redshift distribution is a fair approximation for this
study. The variation to fsky and Nfactor enter the covariance matrix in the Fisher matrix computation
(Equations (3.11) and (3.12)). This kind of study is important in order to guide the planning of the
survey strategy, since in principle it may be more convenient to use the same total observing time on
a smaller area to reduce the noise and detect more sources, or vice versa. For a similar investigation
for spectroscopic surveys, see [95].
We show the dependence on fsky and Nfactor (starting from EMU at design sensitivity) for the
predicted constraints on fNL in Figure 5, both considering all galaxies as the same kind of tracer (left
panel) and using two tracers (right panel). In the multi-tracer case, we use a single redshift bin, since
the constraints are better in this case. We use EMU forecasts assuming complete knowledge of the
galaxy and magnification bias and the priors from current observations in both panels. We find that
using all the galaxies as a single tracer, it will not be possible to measure local PNG with precision
σ(fNL) < 1 even if EMU scans 75% of the sky and observes 1000 times more galaxies. However, it
will be possible using two different tracers if EMU would be able to detect around 40 times more
5As can be seen in the Appendix B, the S3 simulation predicts approximately the same number of SFGs and AGNs
detected. Therefore, this effect is not present in the constraints obtained using S3 as benchmark to predict the redshift
distribution of galaxies and the galaxy and magnification bias.
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Figure 5. 68% confidence level forecast constraints for fNL (assuming a fiducial fNL = 0) from measurements
of the angular galaxy power spectra and the ISW effect, combined with the prior from Planck and BAO. We
use five redshift bins when considering all galaxies as one single tracer (left), but only one redshift bin when
distinguishing between SFGs and AGNs (right) since we find better constraints than binning the catalogues
in redshift (see main text and Table 8).
galaxies. In this the case, the total observing time of EMU should increase by a large factor in order
to achieve this precision goal (note that reducing the rms/beam flux from 10 to 1 µJy corresponds to
detecting around 13 times more galaxies). On the other hand, using the same total observing time,
the sensitivity can be increased if fsky is smaller. However, we find that the Nfactor needed to reach
σ(fNL) ∼ 1 increases dramatically whenever fsky < 0.65, given that, as stated above, PNG effects
shows on ultra-large scales. Nonetheless, it is important to keep in mind that this analysis is done
keeping the same abundance ratio between AGNs and SFGs. If, by any cause, a significant increase of
sensitivity will amount to increasing the relative abundance of AGNs, or by any change, the measured
galaxy bias is larger than expected, the total number of sources observed would not have to be so
large. As can be seen in i.e. Tables 4 and 8, marginalizing over ∆bXi and ∆s
X
i does not have a large
effect on the constraints on fNL, so the results are qualitatively similar in that case.
5 Conclusions
The Evolutionary Map of the Universe (EMU), an all-sky radio-continuum survey operating on the
Australian SKA Pathfinder (ASKAP), will provide deep and wide observations with enough detected
sources to study galaxy clustering at the ultra-large scales for the first time. In this work we use the
Fisher matrix formalism to estimate the precision in measuring parameters of models beyond ΛCDM,
using measurements of the angular galaxy power spectrum and the integrated Sachs-Wolfe effect. The
cases under study include models with evolving dark energy equation of state, low redshift deviations
from General Relativity, spatial curvature and primordial non-Gaussianity in the local limit.
We estimate the population of objects detected by EMU using the T-RECS catalogues [51] and
assume that all observational systematics are under control and correctly accounted for. In this way,
the main uncertainties left are the galaxy properties, such as the galaxy and magnification biases.
We consider different levels of knowledge of these quantities throughout this work, having in mind
that partial information will be available by the time EMU data is available. Regarding the observed
sources, we first consider all the galaxies as the same kind of tracer of the density field, and then
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distinguish between Star-Forming galaxies and AGNs as different tracers and perform a multi-tracer
analysis.
As a radio-continuum survey, EMU’s redshift determination will be very poor. However, given
the large numbers and the improvement of the redshift inference algorithms and external data sets,
it will be possible to assign redshifts so that a tomographic analysis can be performed. While not
being competitive using all galaxies as the same tracer and a single redshift bin, we find that using
external observations to infer the redshifts and split the catalogue into five redshift bins (which is
a conservative assumption) boosts EMU’s constraining power. Moreover, if the observations allow
a reliable distinction between SFGs and AGNs, a multi-tracer analysis will return the best from
EMU: when combined with current observations from CMB observations and BAO analyses, EMU’s
observations at design sensitivity will improve the current bounds on evolving dark energy models
and modified gravity by a factor of two.
As EMU will survey a large fraction of the sky, it will observe the largest scales to date. Since
local PNG would have imprints on the largest scales, EMU is a perfect experiment to increase the
precision of the measurements of fNL. However, it will need a multi-tracer analysis in order to
overcome the cosmic variance. This way, EMU alone will set a bound twice smaller than the current
bound, and slightly smaller if combined with current observations. In order to achieve the possibly
game-changing threshold of an uncertainty on fNL below 1, EMU will have to observe around 40
times more galaxies, which would need an out-of-range amount of time of observations (i.e. SKA-2
would detect a factor 13 more galaxies than EMU). However, if the fraction of the sky observed lies
below ∼ 0.65 (which will allow to use more observation time per pointing to increase sensitivity), the
amount of galaxies needed increases dramatically. Therefore, other strategies (combination with other
cosmological probes, improvements in the redshift estimation with external data such it is possible
to split the catalogue in more redshift bins, increasing the number of tracers, etc.) will be needed
to achieve this goal. Note that using S3 instead of T-RECS the constraints are slightly better (see
Appendix B). Nonetheless, even in this case, achieving σ(fNL) < 1 with only EMU seems difficult
and it will be needed to wait for more sensitive experiments such as the different surveys of SKA-2.
This result is consistent with the findings reported for the SKA Phase 1 [96]. However, the possibility
to find small deviations from Gaussian initial conditions with SKA will only be possible if it follows
an all-sky survey strategy. In any case, EMU’s bound on fNL will be the best in the near future
and EMU’s catalogues will be the main data set to combine with new measurements in the quest to
measure PNG.
Although EMU is operating in ASKAP, a pathfinder for SKA, it will have scientific relevance
on its own, since it will be the deepest all-sky survey (and with best angular resolution among
similar surveys) by the time it will end. This will be an important step forward to constrain physics
which manifests itselfs on the largest scales, such as primordial non-Gaussianity, but also relativistic
corrections in the galaxy clustering statistics [97]. This makes EMU a critical stepping stone for our
understanding of the early Universe, gravity and dark energy, and also for the preparation of future
galaxy surveys.
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A Cosmological forecasts results
In this appendix we report the results of the cosmological forecast for radio-continuum surveys dis-
cussed in Section 4 in detail (Tables 4, 5, 6, 7 and 8. We consider the four models discussed in Section
3.2 and four different surveys: EMU at design sensitivity (10 µJy rms flux/beam), a pessimistic real-
ization (with twice rms flux/beam), EMU early results (100 µJy rms flux/beam) and SKA-2 (1 µJy
rms flux/beam). For each survey, we consider a single redshift bin and five different redshift bins, as
shown in Section 2. Moreover, we consider different assumptions about our prior knowledge for the
galaxy and magnification biases. Either we understand the biases completely, we marginalize over
a single parameter which shifts b(z), marginalize over parameters which shifts b(z) for each bin or
marginalize over parameters that shift both b(z) and s(z) in each bin.
B Comparison with S3 simulation
Prior to the release of the T-RECS catalogues, most of the forecast analysis for galaxy radio surveys
were done using the S3 simulations [52]. In order to ease the comparison with those studies and
also to illustrate the differences between both set of simulations we repeat the study using S3 for
the four models under considerations and assuming the design sensitivity realization of EMU. We
consider a case with all the galaxies used as a single tracer and another one using them as two
different tracers. The differences between the results using each simulation also gives an estimate of
the inherent uncertainty of the cosmological forecast using simulations.
We show the relevant quantities obtained from S3 in Figure 6. S3 further subdivides the SFGs
into star burst galaxies and star forming galaxies, and the AGNs into radio quiet quasars and Fanoroff-
Riley type-I and type-II radio galaxies. These five populations of galaxies have been used as different
tracers for studies in the literature (e.g. [32]). However, an accurate discrimination among all five
might be uncertain, so we prefer to proceed as with T-RECS and consider only two different tracers
SFGs and AGNs. As star burst galaxies are far less abundant than star forming galaxies, we assume
the galaxy bias model of the latter for the whole SFG population. Regarding AGNs, Fanoroff-Riley
type-I galaxies abundance is negligible. Therefore, we only consider the bias model of the radio quiet
quasars and Fanoroff-Riley type-II and use an approximated weighted mean. The galaxy bias for both
radio quiet quasars and Fanoroff-Riley type-II are shown in red and purple dotted lines, respectively.
The quantities shown in Figure 6 are to be compared with their equivalents using T-RECS (Figure 1).
The total number of galaxies above the threshold of detection is similar for both galaxies. However,
the distribution in S3 is broader than in T-RECS, and there are also more AGNs than SFGs, especially
at large redshifts. This is very important, since it affects significantly the values of the weighted mean
of b(z) when all galaxies are considered as a single tracer. It also reverses which tracer has more
weight in the multi-tracer analysis. These differences are the responsible of the discrepancies between
S3 and T-RECS.
The results using S3 are reported in Table 9 and 10. Since the average bias is larger in S3, the
signal to noise ratio of the galaxy power spectra and ISW are larger too. Therefore, the constraints
on w0 and wa coming only from the galaxy power spectra are ∼ 30% better using S3, although the
difference is negligible when ISW is included in the analysis. Also the magnitude of the impact of
marginalizing over the galaxy and magnification biases is similar using both simulations. The gains
using two different tracers to constrain (w0wa)CDM are similar too. In the case of ΛCDM+µ0+γ0,
the differences between using S3 and T-RECS are not significant.
However, since the galaxy bias has so large impact in the signal of local PNG, there is a significant
difference in the constraints on fNL using each simulation. Using S
3 the constraints are ∼ 3− 4 times
better using all galaxies as a single tracer and combining the galaxy power spectra and the ISW. Then,
EMU alone would be able to improve current bounds on fNL, even without performing a multi-tracer
analysis , measuring σfNL ∼ 5. Using two different tracers, the difference between the results from
each simulation assuming a single redshift bin is negligible. However, as considering S3 AGNs are
more abundant than SFGs and they do not suffer from low numbers in the high redshift bins, the
constraints using five redhsift bins improve with respect to those using only one (as it was the case
considering T-RECS).
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Survey
# redshift
bins
Bias
uncertainty
Data combination and constraints on
ΛCDM+fNL
Galaxy Clustering (GC) GC+ISW GC+ISW+Planck+BAO
fNL fNL fNL
EMU
Design
Sensitivity
(10 µJy
rms/beam)
1 bin
Known 240 140 6.4
∆ball 320 170 6.4
∆ball & ∆sall 690 240 6.4
5 bins
Known 17 16 5.9
∆ball 17 16 5.9
∆bi 17 16 5.9
∆bi & ∆si 19 18 5.9
EMU
Pessimistic
Sensitivity
(20 µJy
rms/beam)
1 bin
Known 160 130 6.4
∆ball 360 140 6.4
∆ball & ∆sall 360 160 6.5
5 bins
Known 23 21 6.1
∆ball 23 21 6.1
∆bi 24 22 6.1
∆bi & ∆si 27 24 6.1
EMU
Early
Results
(100 µJy
rms/beam,
2000 deg2)
1 bin
Known 6200 3000 6.5
∆ball 50000 4000 6.5
∆ball & ∆sall 74000 4400 6.5
5 bins
Known 360 360 6.5
∆ball 360 360 6.5
∆bi 400 390 6.5
∆bi & ∆si 490 470 6.5
SKA-2
(1 µJy
rms/beam)
1 bin
Known 130 70 6.4
∆ball 130 70 6.4
∆ball & ∆sall 270 73 6.4
5 bins
Known 5.5 5.5 4.0
∆ball 5.6 5.5 4.0
∆bi 5.7 5.6 4.1
∆bi & ∆si 5.9 5.8 4.1
Table 4. Marginalized 68% confidence level predicted constraints on fNL assuming ΛCDM+fNL
from radio-continuum measurements with EMU. We show results of galaxy clustering by itself (GC),
galaxy clustering combined with ISW (GC+ISW), and when Planck+BAO priors are also added
(GC+ISW+Planck+BAO),both not binning in redshift and with five redshift bins. We consider four dif-
ferent surveys: EMU at design sensitivity, a pessimistic realization of EMU with twice the rms flux/beam,
EMU early and SKA-2. We assume different cases for the knowledge of the bias, either known or marginalizing
over the galaxy bias and the magnification bias. ∆ball refers to marginalizing over a single parameter ∆ball
which shifts the whole b(z).
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Survey
# redshift
bins
Bias
uncertainty
Data combination and constraints on
(w0wa)CDM
GC GC+ISW GC+ISW+Planck+BAO
w0 wa w0 wa w0 wa
EMU
Design
Sensitivity
(10 µJy
rms/beam)
1 bin
Known 12 34 2.3 7.2 0.20 0.48
∆ball 19 70 5.0 9.6 0.26 0.72
∆ball & ∆sall 61 210 5.3 12 0.26 0.74
5 bins
Known 0.66 1.9 0.59 1.7 0.20 0.50
∆ball 0.78 2.9 0.60 1.9 0.23 0.66
∆bi 1.8 6.5 1.0 2.9 0.25 0.69
∆bi & ∆si 2.2 8.1 1.4 3.5 0.26 0.71
EMU
Pessimistic
Sensitivity
(20 µJy rms/beam)
1 bin
Known 6.9 23 2.5 8.3 0.21 0.51
∆ball 29 120 3.5 8.7 0.25 0.71
∆ball & ∆sall 65 230 3.5 9.4 0.26 0.72
5 bins
Known 0.95 2.9 0.80 2.4 0.22 0.58
∆ball 1.0 3.9 0.81 2.5 0.24 0.68
∆bi 2.4 9.9 1.2 3.5 0.25 0.71
∆bi & ∆si 3.2 13 2.0 4.8 0.26 0.72
EMU
Early
Resuls
(100 µJy
rms/beam,
2000 deg2)
1 bin
Known 2100 6600 51 130 0.26 0.73
∆ball 2800 9900 270 550 0.27 0.74
∆ball & ∆sall 5400 33000 280 580 0.27 0.74
5 bins
Known 8.3 26 6.3 17 0.27 0.74
∆ball 9.1 35 8.8 18 0.27 0.74
∆bi 28 100 16 36 0.27 0.74
∆bi & ∆si 58 170 20 44 0.27 0.74
SKA-2
(1 µJy
rms/beam)
1 bin
Known 18 63 2.8 7.3 0.18 0.43
∆ball 21 94 3.2 7.7 0.27 0.74
∆ball & ∆sall 22 120 7.2 16 0.27 0.74
5 bins
Known 0.33 0.87 0.31 0.80 0.15 0.36
∆ball 0.44 1.3 0.37 1.1 0.21 0.60
∆bi 0.79 2.2 0.61 1.6 0.24 0.64
∆bi & ∆si 0.94 2.9 0.68 1.7 0.24 0.66
Table 5. Same as Table 4 but for w0 and wa assuming a (w0wa)CDM model.
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Survey
# redshift
bins
Bias
uncertainty
Data combination and constraints on
ΛCDM+Ωk
GC GC+ISW GC+ISW+Planck+BAO
100× Ωk 100× Ωk 100× Ωk
EMU
Design
Sensitivity
(10 µJy
rms/beam)
1 bin
Known 8.7 8.3 0.16
∆ball 9.1 8.4 0.19
∆ball & ∆sall 9.1 8.4 0.19
5 bins
Known 6.3 4.8 0.17
∆ball 9.6 7.8 0.19
∆bi 13 8.0 0.19
∆bi & ∆si 15 8.8 0.19
EMU
Pessimistic
Sensitivity
(20 µJy
rms/beam)
1 bin
Known 12 11 0.17
∆ball 13 11 0.19
∆ball & ∆sall 13 11 0.19
5 bins
Known 9.7 6.7 0.18
∆ball 18 12 0.19
∆bi 23 12 0.19
∆bi & ∆si 28 13 0.19
EMU
Early
Results
(100 µJy
rms/beam,
2000 deg2)
1 bin
Known 130 88 0.19
∆ball 130 110 0.19
∆ball & ∆sall 130 110 0.19
5 bins
Known 87 45 0.19
∆ball 150 77 0.19
∆bi 160 82 0.19
∆bi & ∆si 160 82 0.19
SKA-2
(1 µJy
rms/beam)
1 bin
Known 5.4 4.4 0.16
∆ball 6.0 4.9 0.19
∆ball & ∆sall 6.0 5.3 0.19
5 bins
Known 2.3 2.0 0.15
∆ball 2.6 2.4 0.18
∆bi 3.8 2.9 0.18
∆bi & ∆si 4.3 3.1 0.18
Table 6. Same as Table 4 but for Ωk assuming a ΛCDM+Ωk model.
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Survey
# redshift
bins
Bias
uncertainty
Data combination and constraints on
ΛCDM+µ0+γ0
GC GC+ISW GC+ISW+Planck+BAO+RSD
µ0 γ0 µ0 γ0 µ0 γ0
EMU
Design
Sensitivity
(10 µJy
rms/beam)
1 bin
Known 23 46 0.84 1.9 0.14 0.35
∆ball 25 51 1.0 1.9 0.20 0.44
∆ball & ∆sall 32 63 1.0 1.9 0.20 0.45
5 bins
Known 0.64 1.9 0.34 0.81 0.12 0.30
∆ball 1.1 2.8 0.43 0.95 0.18 0.40
∆bi 3.9 8.8 0.46 1.0 0.19 0.42
∆bi & ∆si 5.2 12 0.47 1.0 0.19 0.42
EMU
Pessimistic
Sensitivity
(20 µJy
rms/beam)
1 bin
Known 20 39 0.96 2.2 0.15 0.36
∆ball 20 39 1.1 2.2 0.20 0.44
∆ball & ∆sall 27 54 1.1 2.2 0.20 0.45
5 bins
Known 1.0 3.0 0.47 1.1 0.14 0.35
∆ball 2.3 5.5 0.59 1.3 0.19 0.43
∆bi 5.1 12 0.60 1.3 0.19 0.43
∆bi & ∆si 8.4 19 0.61 1.4 0.19 0.44
EMU
Early
Results
(100 µJy
rms/beam,
2000 deg2)
1 bin
Known 430 870 6.1 14 0.23 0.62
∆ball 13000 27000 7.1 14 0.23 0.62
∆ball & ∆sall 15000 31000 9.2 14 0.23 0.62
5 bins
Known 6.2 19 2.9 7.1 0.23 0.64
∆ball 61 140 3.5 7.8 0.23 0.64
∆bi 88 200 3.5 7.9 0.23 0.64
∆bi & ∆si 100 220 3.5 7.9 0.23 0.65
SKA-2
(1 µJy
rms/beam)
1 bin
Known 12 24 0.79 1.8 0.15 0.35
∆ball 46 91 0.82 1.8 0.20 0.44
∆ball & ∆sall 48 96 1.0 1.9 0.20 0.44
5 bins
Known 0.20 0.59 0.17 0.39 0.092 0.21
∆ball 0.29 0.80 0.20 0.46 0.13 0.29
∆bi 1.4 3.2 0.32 0.73 0.17 0.39
∆bi & ∆si 1.7 4.0 0.33 0.74 0.17 0.39
Table 7. Same as Table 4 but for µ0 and γ0 assuming a phenomenological parameterization of modified
gravity as a ΛCDM+µ0+γ0 model. In this case, the external data is Planck+BAO+RSD.
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Survey
# redshift
bins
Bias
uncertainty
Data combination and constraints on
extended models
Galaxy Clustering (GC) GC+ISW GC+ISW+Planck∗
EMU
with
multi-tracer
Design
Sensitivity
(10 µJy
rms/beam)
Using
T-RECS
fNL fNL fNL
1 bin
Known 4.0 3.9 2.9
∆ball 4.2 4.0 3.0
∆ball & ∆sall 5.1 4.9 3.2
5 bins
Known 7.1 6.6 4.4
∆ball 7.3 6.7 4.5
∆bi 7.6 7.0 4.6
∆bi & ∆si 8.1 7.5 4.6
w0 wa w0 wa w0 wa
1 bin
Known 1.1 3.2 0.93 2.5 0.18 0.46
∆ball 1.2 4.8 0.98 0.27 0.19 0.47
∆ball & ∆sall 3.0 11 1.7 4.5 0.26 0.71
5 bins
Known 0.56 1.6 0.49 1.4 0.19 0.48
∆ball 0.57 1.7 0.50 1.4 0.19 0.49
∆bi 1.2 4.4 0.78 2.1 0.25 0.68
∆bi & ∆si 1.7 5.7 1.2 2.8 0.25 0.70
100× Ωk 100× Ωk 100× Ωk
1 bin
Known 3.9 3.6 0.16
∆ball 4.9 3.9 0.16
∆ball & ∆sall 4.9 4.1 0.19
5 bins
Known 4.1 3.6 0.17
∆ball 4.5 3.8 0.17
∆bi 11 6.7 0.19
∆bi & ∆si 13 7.1 0.19
µ0 γ0 µ0 γ0 µ0 γ0
1 bin
Known 0.93 2.6 0.50 1.1 0.14 0.33
∆ball 3.1 6.4 0.69 1.6 0.15 0.34
∆ball & ∆sall 8.9 18 0.70 1.6 0.19 0.43
5 bins
Known 0.36 0.90 0.31 0.71 0.12 0.29
∆ball 0.39 0.95 0.33 0.75 0.13 0.31
∆bi 2.4 5.2 0.60 1.3 0.19 0.43
∆bi & ∆si 2.8 6.1 0.61 1.3 0.19 0.43
Table 8. Same as in Tables 4, 5, 6 and 7, but only for the EMU survey at design sensitivity and using
SFGs and AGNs as different tracers. “+Planck∗” means Planck+BAO in all case but in the ΛCDM+µ0+γ0
constraints, where means Planck+BAO+RSD.
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Figure 6. Left : dN/dzdΩ for the galaxies observed assuming a rms flux/beam of 10µJy from S3 simulation,
always requiring a signal of the flux of five times larger than the rms/beam to consider a detection. We
also plot the Gaussian window functions of the five redshift bins considered to compute the cosmological
observables. Right theoretical galaxy bias for SFGs and AGNs and the corresponding weighted total from S3.
We show the quantities related to the whole sample in blue, with SFGs alone in orange and with AGNs alone
in green. We also show the galaxy bias for radio quiet quasars and Fanoroff-Riley type-II in red and purple
dotted lines, respectively.
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Survey
# redshift
bins
Bias
uncertainty
Data combination and constraints on
extended models
Galaxy Clustering (GC) GC+ISW GC+ISW+Planck∗
EMU
Design
Sensitivity
(10 µJy
rms/beam)
Using S3
simulation
fNL fNL fNL
1 bin
Known 19 18 5.4
∆ball 29 19 5.5
∆ball & ∆sall 49 40 6.0
5 bins
Known 5.7 5.5 3.6
∆ball 5.8 5.6 3.6
∆bi 6.0 5.8 3.8
∆bi & ∆si 6.3 6.1 3.8
w0 wa w0 wa w0 wa
1 bin
Known 6.5 35 2.0 6.0 0.19 0.45
∆ball 13 66 2.3 6.1 0.25 0.71
∆ball & ∆sall 15 79 3.0 7.7 0.26 0.73
5 bins
Known 0.43 1.3 0.40 1.1 0.17 0.43
∆ball 0.44 2.0 0.40 1.2 0.19 0.57
∆bi 1.0 4.0 0.71 2.0 0.24 0.67
∆bi & ∆si 1.6 5.8 1.0 2.6 0.25 0.70
100× Ωk 100× Ωk 100× Ωk
1 bin
Known 7.6 7.1 0.16
∆ball 7.8 7.1 0.19
∆ball & ∆sall 7.9 7.2 0.19
5 bins
Known 4.7 3.5 0.16
∆ball 8.3 5.7 0.18
∆bi 9.0 5.8 0.19
∆bi & ∆si 9.9 6.0 0.19
µ0 γ0 µ0 γ0 µ0 γ0
1 bin
Known 10 23 1.1 2.6 0.15 0.35
∆ball 10 23 1.2 2.6 0.20 0.45
∆ball & ∆sall 12 26 1.3 2.7 0.20 0.45
5 bins
Known 0.37 1.1 0.28 0.67 0.12 0.28
∆ball 1.2 2.8 0.46 1.0 0.18 0.40
∆bi 2.9 6.4 0.49 1.1 0.19 0.42
∆bi & ∆si 4.4 9.8 0.50 1.1 0.19 0.42
Table 9. Same as in Tables 4, 5, 6 and 7, but only for the EMU survey at design sensitivity and using the
S3 simulation [52] instead of T-RECS to obtain the redshift distribution of sources and the bias. “+Planck∗”
means Planck+BAO in all case but in the ΛCDM+µ0+γ0 constraints, where means Planck+BAO+RSD.
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Survey
# redshift
bins
Bias
uncertainty
Data combination and constraints on
extended models
Galaxy Clustering (GC) GC+ISW GC+ISW+Planck∗
EMU
with
multi-tracer
Design
Sensitivity
(10 µJy
rms/beam)
Using
S3
fNL fNL fNL
1 bin
Known 4.3 4.3 3.0
∆ball 4.6 4.3 3.1
∆ball & ∆sall 6.1 5.7 3.1
5 bins
Known 3.8 3.7 3.0
∆ball 4.0 3.8 3.2
∆bi 4.9 4.6 3.5
∆bi & ∆si 4.8 3.7 3.2
w0 wa w0 wa w0 wa
1 bin
Known 1.2 3.5 0.85 2.4 0.17 0.43
∆ball 1.5 6.2 1.0 2.9 0.20 0.47
∆ball & ∆sall 2.8 12 1.3 3.6 0.26 0.71
5 bins
Known 0.40 1.2 0.35 1.0 0.16 0.43
∆ball 0.41 1.3 0.36 1.1 0.18 0.47
∆bi 0.98 3.8 0.55 1.6 0.24 0.65
∆bi & ∆si 1.4 5.9 0.67 1.8 0.24 0.67
100× Ωk 100× Ωk 100× Ωk
1 bin
Known 4.3 3.7 0.16
∆ball 6.0 4.5 0.16
∆ball & ∆sall 6.1 4.6 0.19
5 bins
Known 3.2 2.8 0.16
∆ball 3.7 3.1 0.17
∆bi 9.6 5.3 0.19
∆bi & ∆si 11 5.7 0.19
µ0 γ0 µ0 γ0 µ0 γ0
1 bin
Known 0.74 1.9 0.45 1.0 0.14 0.31
∆ball 3.1 6.3 0.64 1.4 0.14 0.32
∆ball & ∆sall 5.8 12 0.65 1.5 0.19 0.43
5 bins
Known 0.29 0.73 0.24 0.56 0.12 0.29
∆ball 0.32 0.77 0.26 0.60 0.12 0.29
∆bi 1.2 2.7 0.44 0.99 0.18 0.41
∆bi & ∆si 1.7 3.7 0.46 1.0 0.19 0.41
Table 10. Same as in Table 8, but using the S3 simulation [52] instead of T-RECS to obtain the redshift
distribution of sources and the bias.
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